A finite-volume code and the SIMPLE scheme are used to study the transport and deposition of nanoparticles in a rotating curved pipe for different angular velocities, Dean numbers, and Schmidt numbers. The results show that when the Schmidt number is small, the nanoparticle distributions are mostly determined by the axial velocity. When the Schmidt number is many orders of magnitude larger than 1, the secondary flow will dominate the nanoparticle distribution. When the pipe corotates, the distribution of nanoparticle mass fraction is similar to that for the stationary case. There is a "hot spot" deposition region near the outside edge of bend. When the pipe counter-rotates, the Coriolis force pushes the region with high value of nanoparticle mass fraction toward inside edge of the bend. The hot spot deposition region appears inside the edge. The particle deposition over the whole edge of the bend becomes uniform as the Dean number increases. The corotation of pipe makes the particle deposition efficiency a reduction, while high counter-rotation of pipe only slightly affects the deposition efficiency. When two kinds of secondary flows are coexisting, the relative deposition efficiency is larger than that for the stationary case.
I. INTRODUCTION
Our surroundings are filled with thousands of kinds of nanoparticles. A mechanism of the motion of these nanoparticles is of interest and has been investigated for decades. Nanoparticles suspended in pipes have lots of applications, such as enhanced heat transfer with nanoparticles in microheat exchangers, toxic particle transport in the human lung, contamination control of microelectronic manufacture, and control of surface fouling of microfluidic devices. [1] [2] [3] [4] [5] [6] [7] When a pipe rotates about an axis normal to a plane including the center line of the pipe, the Coriolis force could also contribute to the generation of the secondary flow. Daskopoulos and Lenhoff 8 examined steady, fully developed Newtonian flow in circular rotating tubes of small curvature. They found that when rotation is in the same direction as the axial flow, the flow structure remains with two-or fourvortex secondary flow; when rotation opposes the flow, the direction of the secondary flow may be reversed at higher rotational strengths. Ma et al. 9 studied the fully developed laminar flow in rotating curved elliptical pipe. The simulation results showed that the flow for the case of large aspect ratio of the cross section is more likely to be unstable than that for smaller one. Ishigaki 10 studied on the forced convective heat transfer in loosely coiled rotating pipes theoretically and numerically. They studied the function of four characteristic parameters, i.e., the Dean number, the body force ratio F, the Rossby number, and the Prandtl number, and found that the former three parameters controlled the flow while the last one governed the heat transformation.
When the particle diameter is in the order of nanometer, the Brownian diffusion beside the inertial force is the dominant factor of the particle deposition. 11 Malet et al. 12 presented an experimental and numerical study of nanosize 218 Po deposition in laminar and turbulent tube flows. They observed an unexpected surface effect on nanoparticle deposition, even for a hydraulically smooth surface. An influence of surface texture on the deposition rate was observed too, which could be explained by a diffusion process, although all tube surfaces were hydraulically smooth. Zhang and Kleinstreuer 13 simulated and analyzed airflow structures and nanoparticle deposition in a human upper airway model for cyclic and steady flow conditions, using a commercial finitevolume software with user-supplied programs as a solver. Their results showed transient effects in the oral airways appear most prominently; total deposition fractions of nanoparticles for cyclic inspiratory flow are not significantly different from those for steady flow; more nanoparticles deposit around the carinal ridges than the straight tubular segments. Lin and Lin 14 simulated numerically the transport and deposition of nanoparticles in a bend pipe for different Reynolds numbers and Dean numbers, and found that the maximum and minimum of the deposition enhancement factor ͑DEF͒ occur near outside and inside edges of the bend, respectively.
It is obvious that the nanoparticulate flow in a curved pipe is much different from that in straight pipe. However, the previous investigations are generally focused on the nanoparticle deposit in straight pipe or stationary curved pipe. The nanoparticulate flow in a rotating curved pipe has not been examined in detail. When a curved pipe rotates about an axis normal to the pipe center line, the nanoparticle transfer and deposition will become more complicated. Therefore, this study is aimed to study the nanoparticle transport and deposition in a rotating curved pipe for different angular velocities, Dean numbers, and Schmidt numbers.
II. EQUATIONS AND PARAMETERS
The geometrical configuration of the physical model for a rotating curved pipe and its coordinate system are shown in Fig. 1 
Furthermore, the orthonormal basis ͑e r ‫ء‬ , e ‫ء‬ , e s ‫͒ء‬ is defined, relative to the global rectangular Cartesian basis ͑i , j , k͒ as
In the system of rotating curved pipe, we can obtain the convective acceleration a e ‫ء‬ and the Coriolis acceleration a c ‫ء‬ , where ⍀ ‫ء‬ = ⍀ ‫ء‬ k, V 0 ‫ء‬ is the translational velocity of the pipe, and V ‫ء‬ is the flow velocity relative to the rotating pipe. By assuming that the flow is laminar, isothermal, and incompressible with monodisperse nanoparticle suspensions in the smooth rigid pipe, we can write the continuity and momentum equations of the fluid,
where is the flow density, p ‫ء‬ is the pressure, and is the fluid kinematic viscosity.
The equation of the nanoparticle mass transfer is
where Q ‫ء‬ is the species mass fraction, S Q is the source term and is neglected here in order to pay attention to the convection and diffusion of particles, and D p is the diffusivity and defined as 15 
D p
where k = 1.38ϫ 10 −23 J / K is the Boltzmann constant, T is the temperature, is the viscosity, d p is the particle diameter, and C slip is the Cunningham slip correction factor, which is calculated as
where is the mean free path of air.
Some nanoparticle diffusivities and Schmidt number with different nanoparticle diameters are given in Table I 
The variables with superscript ‫ء‬ are the original variables and those without superscript ‫ء‬ are the nondimensional variables, d h is the characteristic length of the pipe and here d h = a. Re is the Reynolds number, Dn is the Dean number, Sc is the Schmidt number, and F number represents the ratio of the Coriolis force to the centrifugal force. F Ͼ 0, F Ͻ 0, and F = 0 represent the corotation, counter-rotation, and stationary cases, respectively. A generalized pressure P = p − ͓⍀ 2 ͑R − r cos ͒ 2 / 2d h w m ͔ is defined so the contribution of the a e can be contained into the term of pressure gradient in Eq. ͑6͒. For the fully developed laminar flow and nanoparticle transfer, we have ‫ץ‬ / ‫ץ‬t =0, ‫ץ‬u / ‫ץ‬s = ‫ץ‬v / ‫ץ‬s = ‫ץ‬w / ‫ץ‬s =0,
͑Ref. 16͒, and
The boundary condition of particle concentration is Q ‫ء‬ =0 at r = 1 for a perfectly absorbing surface of the wall. 15 Before giving the control equations in detail, we first focus on the assumption of fully developed flow. In the experiment of Olson and Snyder 17 for the pipes, they took = 0.215 or 0.125, and the results show that the upstream influence extends 6a into a bend ͑in another word, the entrance region is about 0°Ͻ Ͻ 74°or 0°Ͻ Ͻ 43°͒. Ishigaki 18 simulated the developing laminar flows numerically in curved pipes and orthogonally rotating straight pipes neglecting the axial diffusion. The computed results with both parabolic and uniform entrance show that the significant changes occur in the range of 15°Ͻ Ͻ 45°for curved pipes ͑1 Ͻ Z Ͻ 3 for rotating straight pipes͒ at K L = 526, 100, 500 ͑equal to Dn= 372, 71, 354; = 0.034, 0.025 in current paper͒. Ma et al. 19 studied the laminar developing flow in the entrance region of rotation curved pipes. The result shows that at the cross section of = 30°, the secondary flow has already been of two-vortex structure for both case of F = 1 and F =−1 ͑Dn= 141, = 0.1 in current paper͒. The entrance effect is obvious in the region of about 0°Ͻ Ͻ 60°, and the flow structure changes from sink type to two-vortex type. So we can see that when fluid flows through a curved pipe with 180°and small ͑e.g., Յ 0.1͒, the entrance region is less than 1/3 of the entire curved pipe and the assumption of fully developed flow is worthwhile and creditable.
Accordingly, the continuity, momentum, and mass transfer equations governing the fully developed laminar flow and nanoparticle transfer can be obtained in terms of nondimensional variables as ‫ץ‬u ‫ץ‬r
where M =1−r cos .
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In the present study, some important parameters for the transport and deposition of nanoparticles should be given out first. The diffusive mass transport rate per unit area to the wall based on Fick's first law can be defined as
The ith local wall mass flux of nanoparticles can be determined by
where A i is the area of the ith wall cell. The whole wall flow rate of nanoparticle is
The DEF which can quantify the local nanoparticles deposition is defined as
Obviously, DEF i represents the local deposition flux intensity. The relative deposition efficiency to the stationary case is
where r is the rotation contribution to the nanoparticle deposition.
III. NUMERICAL METHOD OF SOLUTION
A well-established finite-volume method 20 is used to study the flow and nanoparticle transport and deposition in a rotating curved pipe with circular cross section. The powerlaw scheme is chosen to discretize the convection term and the SIMPLE scheme to deal with the problem of velocitypressure coupling. The power-law scheme is a piecewise approximation to the exact solution of a one-dimensional convection-diffusion type of equation. The scheme is numerically robust and always leads to physically realistic solution. A staggered mesh system with five refined boundary layers and an alternating direction implicit method are used to solve the two-dimensional discretized equations. Variables, such as pressure, axial velocity component w, and particle concentrations Q, are located at the centroids of the control volumes while the velocity components u and v on the cross section are located at the boundaries. A convergence criterion is specified with all the normalized residual errors for mass, u, v, w, and Q to be less than 10 −4 . The boundary conditions in solution domain can be given as u = v = w =0 at r = 1. The profile of nanoparticle concentrations at the inlet is uniform.
To validate the accuracy of the computational code, the fully developing flow patterns are compared to the numerical results given by 21 and present paper. The differences in the parameters give rise to the different expressions of the parameters in control equations. The relations are as follows: Re= CK LC 2 ͱ I / 32, F =16F I / ͑K LC C͒, and =1/ ͑2 I ͒, where C = d ͱ I ͑−‫ץ‬p ‫ء‬ / ‫ץ‬z͒ / ͑w mI 2 ͒ is a constant depending on F I and K LC but unknown before solving a specific case. In present work, we employ a characteristic axial velocity based on pressure gradient ͓see Eq. ͑10͔͒, thus we can avoid sinking into the extra work of obtaining the specific C by applying another iterative code during the computation.
To validate the numerical code in simulating the nanoparticle transport, we computed the distribution of nanoparticle mass fraction in the case of F = 0 and = 0, and com- Figure 2͑c͒ shows the theoretical result of nanoparticle mass fraction for Re= 200, where Q has a maximum value 75/2 at r = 0. We can also see that the both results are in good agreements.
IV. RESULTS AND DISCUSSION
The characteristic of the nanoparticle transport and deposition in a rotating curved pipe is affected by the interaction of the imposed pressure-driven axial flow, the rotation, and the geometrical structure of the pipe. The simultaneous presence of centrifugal and Coriolis forces will make the flow structure more complicated. The centrifugal force, as a result of curvature, will always point to the outside edge of the bend and push the flow with high axial velocity toward outside. The Coriolis force, as shown in Eq. ͑4͒, has three components, i.e., 2⍀ 
A. Flow structures
The laminar flow in a curved duct has been well studied before, 8 ,10,21-23 thus we only give a brevity discussion here. Figure 3 shows the variation of the pressure contour, u-v components and w component ͑i.e., the axial velocity͒ on the cross section for different F numbers at Dn= 63.25 and = 0.1. The flow on the cross section is fully developed. For the stationary case ͑F =0͒, as shown in Fig. 3͑a͒ , the centrifugal force of the fluid points to the outside edge of the bend, which makes w large within the region near the outside edge. On the cross section, pressure has a positive value near the outside edge and a negative value near the inside edge of the bend. The slower moving fluid near the inside edge is driven toward the core region while the faster moving fluid near the 
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outside edge flows toward inside edge, and a secondary boundary layer develops on the wall. A pair of counterrotating vortices placed symmetrically with respect to the plane of symmetry, upper clockwise, and lower anticlockwise can be observed. Such vortices were also reported by Pui et al. 22 When the pipe corotates ͑F =1͒ as shown in Fig.  3͑b͒ , both the centrifugal force and the Coriolis force on cross section act radially outward and two kinds of second- 
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Lin, Lin, and Chen Phys. Fluids 21, 122001 ͑2009͒ ary flows in the same direction are superimposed. The rotation enhances the effect of the curvature on the flow behavior so the secondary flow has the same pattern and the same direction as that for the stationary case with a two vortices structure. The pressure contour line with zero value, therefore, shifts outside edge of the bend, and the margin of the maximum and the minimum pressure increases. As a result of the Coriolis force's effect, the region with high axial velocity tends to be elongated. When the pipe counter-rotates ͑F Ͻ 0͒ as shown in Figs. 3͑c͒ and 3͑d͒ , the Coriolis force and the centrifugal force are pointed to the opposite directions. When ͉F͉ is small, the two forces have the same order of magnitude ͑also see Ref. 21͒. They counteract each other and have a contrary effect on the secondary flow on the cross section. At the same time, the new two counter-rotating vortices with opposite directions to primary vortices occur near to the symmetrical line. The axial velocity contours are therefore similar to the case for the straight pipe. As ͉F͉ becomes high enough, the Coriolis force will dominate the secondary flow, and the new two opposite vortices will replace the primary two vortices. The region with large axial velocity is pushed toward inside edge of the bend.
B. Distributions of nanoparticle mass fraction
The distributions of nanoparticle mass fraction for different Schmidt numbers and F numbers are shown in Fig. 4 . As shown in Eq. ͑15͒, the nanoparticle transport in a rotating curved pipe is controlled by the Reynolds number, Schmidt number, nondimensional curvature, and F number, which is dependent on the flow velocity ͑the Reynolds number and nondimensional curvature can be combined into the Dean number͒. At the left side of Eq. ͑15͒, there are two parts: Re Sc͓u͑‫ץ‬Q / ‫ץ‬r͒ + ͑v / r͒͑‫ץ‬Q / ‫͔͒ץ‬ and Re͑w / M͒. The first part is the contribution of the secondary flow on the cross section to the distributions of nanoparticle mass fraction, and the second part is caused by the axial flow. When Schmidt number is small and the velocity of the secondary flow is several orders of magnitude less than that of the main axial flow, the first part can be ignored. The nanoparticle distributions in these cases are mostly determined by the axial velocity, as shown in Fig. 4͑a͒ . The pattern of nanoparticle distribution is a series of concentric closed lines. When the Schmidt number is many orders of magnitude larger than 1, the secondary flow on the cross section will dominate the nanoparticle distribution, which becomes symmetrical with respect to the top and bottom sides of the bend. The nanoparticle distribution is similar to the secondary flow patterns, as shown in Fig. 4͑b͒ , and we can find that the concentration gradients at the center of the secondary flow region are much smaller than that at the neighborhood of the edge. It means that the nanoparticles are more uniformly distributed. Shi et al. 15 simulated the nanoparticle concentration distribution of d p = 1 nm, 150 nm in the double bifurcation region ͑for only stationary case͒, and also give similar results. As discussed above, the rotation with F = 1 only enhances the effect on the secondary flow caused by the curvature in case of F = 0 so the nanoparticle distributions for F = 1 and F = 0 are similar as a whole. The difference is that the maximum of nanoparticle mass fraction for F = 1 is a little smaller than that for F =0.
When the pipe counter-rotates ͑F Ͻ 0͒, the Coriolis force caused by the rotation is in the opposite directions to the centrifugal force. For the case with small Schmidt number, the region with high value of nanoparticle mass fraction is pushed toward inside edge of the bend. So the pattern of nanoparticle distribution for F = −0.61 is a series of concentric circles with the maximum located near the center of the bend, while the maximum is located close to the inside edge for F = −1. The nanoparticle distributions with large Schmidt number for F = −0.61 are different from others because of the complicated pattern of the secondary flow. There are four regions with high value placed at the center of the vortices on the cross section. The maximum of nanoparticle mass fraction first increases, as shown in F = −0.61, and then decreases with decreasing F further.
C. Nanoparticle deposition
It is mentioned before that in the simulation of Zhang and Kleinstreuer, 13 nanoparticle deposition for steady flow is similar to those for cyclic inspiratory flow in which the deposition analyses of nanoparticles has gained considerable attention because of the increasing awareness of toxic particle effects and, in turn, the advantages of therapeutic drug aerosol inhalation. 15 Thus the discussion here about the nanoparticle deposition in curved pipe for laminar steady flow is more or less helpful to the lung treatment. Figure 5 shows the variation of DEF with respect to on the edge of bend for different Dean and Schmidt numbers. The relation of Schmidt number and particle diameter is given in Table I . The curves of DEF for the stationary and counter-rotation cases with small Dean number are shown in Figs. 5͑a͒-5͑c͒. In the stationary case, as shown in Fig. 5͑a͒ , the maximum DEF for different Schmidt numbers occurs at the outside edge of the bend with = , while the minimum occurs at the inside edge with = 0. It means that there is a "hot spot" deposition region near outside edge as expected. As the Schmidt number increases, the maximum DEF increases and the minimum DEF decreases. In other words, for the case with larger Schmidt number, the effect of the secondary flow on the cross section is more obvious. The secondary flow will carry the nanoparticles in the center region toward the edge. As a result, the particle deposition will become more possible. However when the Schmidt number is large enough ͑e.g., d p =50 nm͒, the variation of DEF is slight because of the low diffusivity and low capacity of mixing. The similar phenomena can also be observed in the counter-rotation cases, as shown in Figs. 5͑b͒ and 5͑c͒ , where the Coriolis force makes the nanoparticle distribution almost opposite to the stationary case and hence the hot spots deposition region occurs inside the edge of the bend ͑ =0͒, while the weakest deposition region occurs at the outside edge. Something special for the case of d p = 0.5 nm is that the DEF all over the edge is close to the line of DEF= 1 ͑which is the mean value of the DEF on the whole wall͒. It demonstrated that the nanoparticles with small Schmidt number deposit on the whole pipe wall homogeneously because of the tiny difference in the nanoparticle concentration gradient near the edge.
Figures 5͑d͒ and 5͑e͒ show the curves of DEF for the stationary and corotation cases with large Dean number. When the pipe corotates, the curves of DEF are mainly similar to that for the stationary case because of the similar flow field between the two cases. Comparing Figs. 5͑a͒ and 5͑d͒ , we can find that with increasing Dean number, the curves of DEF become smoother because a higher Dean number offers a lower chance for the nanoparticles to deposit in a shorter residence time, especially for the case with large Schmidt number ͑e.g., d p =50 nm͒. The corotation of pipe also makes the curves of DEF smoother. It indicates that the particle deposition over the whole edge of the bend is more uniform.
D. Relative deposition efficiency
The variations of relative deposition efficiency r with Schmidt number for different Dean numbers are shown in Fig. 6 . We can see that the corotation ͑F =1͒ makes the deposition efficiency a reduction because the curves of r for F 
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Research on the transport and deposition of nanoparticles Phys. Fluids 21, 122001 ͑2009͒ = 1 are less than 1. The amount of reduction is large for the cases with higher Schmidt and Dean numbers. As mentioned above, the secondary flow caused by the Coriolis force acts in the same direction as that caused by the curvature when the pipe is corotating so the effect of the corotation on the flow is similar to that of the Dean number. For the case with larger Dean number, the residence time of nanoparticle deposition is shorter. Therefore, the deposition efficiency is decreased comparing to the stationary case. When two kinds of secondary flows on the cross section are coexisting, i.e., F = −0.61, the values of r are larger than 1 because more nanoparticles are carried to the edge thus, have a higher opportunity to deposit. When the secondary flow caused by the Coriolis force dominates the flow, i.e., F = −1, the values of r are close to 1 until the Schmidt number becomes very large. It demonstrates that the high counter-rotation only slightly affects the particle deposition efficiency. When the Schmidt number is large enough, the effect of rotation on the values of r is very obvious.
V. CONCLUSIONS
The transport and deposition of nanoparticles in a rotating curved pipe with circular cross section are simulated numerically for different angular velocities, Dean numbers, and Schmidt numbers. A finite-volume code and the SIMPLE scheme are used to solve the equations. The following conclusions are drawn.
When the pipe corotates ͑F Ͼ 0͒, two kinds of secondary flows in the same direction caused by the Coriolis force and the centrifugal force are superimposed. For the case that the pipe counter-rotates ͑F Ͻ 0͒, the new two counter-rotating vortices with opposite directions to primary occur when ͉F͉ is small. When ͉F͉ is high enough, the new two vortices with opposite directions will take place of the two primary vortices.
When the Schmidt number is small, the nanoparticle distributions are mostly determined by the axial velocity. When the Schmidt number is many orders of magnitude larger than 1, the secondary flow will dominate the nanoparticle distribution.
When the pipe corotates ͑F Ͼ 0͒, the distributions of nanoparticle mass fraction are similar to that for the stationary case ͑F =0͒. When the pipe counter-rotates ͑F Ͻ 0͒, the Coriolis force pushes the region with high value of nanoparticle mass fraction toward inside edge of the bend.
When the pipe corotates or keeps stationary ͑F Ն 0͒, there is a hot spot deposition region near the outside edge. When the pipe counter-rotates ͑F Ͻ 0͒, the hot spot point appears at the inside edge. The particle deposition over the whole edge of the bend becomes uniform as the Dean number increases.
The corotation of the pipe makes the particle deposition efficiency a reduction, while high counter-rotation of the pipe only slightly affects the deposition efficiency. When two kinds of secondary flows are coexisting, the relative deposition efficiency is larger than that for the stationary case. 
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